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Phe–Phe  nanotube  internalization  in  Chinese  hamster  ovary  (CHO)  cells  is  imaged  through
the transmission  electron  microscopic  (TEM)  study.  Size-selective  separation  of peptide
nanotubes  (NTs)  is  of  great  value  when  we  think  about  its application  in biocompatible  drug
delivery.  This  paper  describes  a simple  size-selective  separation  protocol  for separating
Phe–Phe  NTs.  During  the synthesis,  it is commonly  observed  that  peptide  NTs  are  formed
with  a range  of  sizes  in  their width  and length  and  hence  easy  separation  techniques  of  NTs
are  essential.  Removal  of the  monomers  from  NTs  is also  important.  Microscopic  imaging
of peptide  NTs  is  also  important  in this  context  and  particularly  when  these  are  used in
the  diagnostic  and  therapeutic  purposes.  Herein,  we  report  a straightforward  size-selective
separation  of  peptide  NTs  by size  exclusion  chromatography  (SEC)  and  imaging  the  fractions
through  TEM,  confocal,  and  deconvolution  microscopic  techniques.  Here,  we  report,  for  the
ﬁrst time,  use  of  deconvolution  ﬂuorescence  microscopy  to  detect  NTs. As  commonly  used
photo microscope  cannot  resolve  the  images  of  very  small  particles  (e.g.,  less  than  micron
scale),  electron  microscopy  is  widely  used  in imaging  of  NPs.  Hence,  systematic  peptide  NTs
separation followed  by  these  characterization  techniques  provides  an  option  to  study  the
internalization  of  NTs  inside  cells.  Intake  of  peptide  NTs  inside  cells  is promising  for their
use in drug  delivery  as  well  as  in imaging  study.
© 2014  Saudi  Society  of  Microscopes.  Published  by Elsevier  Ltd.  All  rights  reserved.Abbreviations: Phe, phenylalanine; Phe–Phe, phenylalanine dipep-
tide; CHO, Chinese hamster ovary; SEM, scanning electron microscopy;
TEM, transmission electron microscopy; NTs, nanotubes; SEC, size
exclusion chromatography; FITC, ﬂuorescein isothiocyanate; Fmoc,
ﬂuorenylmethyloxycarbonyl; tBu, tert-butyl; RP-HPLC, reverse phase-
high performance liquid chromatography; PIPES, piperazine-N,N′-bis(2-
ethanesulfonic acid).
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The study of self-organization of short peptides has
helped in understanding mechanisms of important dis-
eases  like Alzheimer, type II diabetes, prion diseases,
Parkinson’s disease and various familial and systemic
amyloidosis disorders [1–3]. Phe–Phe dipeptide obtained
by  coupling between two  phenylalanine monomer is a
hydrophobic molecule. It can be synthesized by solu-
tion  phase or solid phase synthesis. This peptide can
self-assemble in some special solvents or by heating in
water.  This self-assembly produces nanostructures like
ghts reserved.
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anotubes, vesicles, rods and different structures. Interest
n  studying this peptide based self-assembly by scientists
rom different scientiﬁc ﬁelds has grown tremendously due
o  their potential large scale applications in biomedical sci-
nces  [3]. These nanostructures are stable on heating up to
50 ◦C and at an extensive range of pH [4]. The reported
echanism of the formation of NTs is due to H-bonding,
romatic interaction like – stacking [5], and a zipper [6]
ike  interaction between the aromatic rings. One key reason
or  such world-wide attention for Phe–Phe nanostructures
s its role in recognition motif of Alzheimer’s disease -
myloid  polypeptide [7,8]. Several publications over the
ast  few years have shown that Phe–Phe self-assemblies
an form polymorphism including the appearance of hier-
rchical  mesocrystals, hexagonal like NTs, fractal/dendritic
orphologies, spherical architectures and others [9,10].
owever, the most commonly observed morphologies in
hese  systems are one-dimensional structures like tubes,
ires,  ribbons, and ﬁbers. Some of the special proper-
ies exhibited by Phe–Phe NTs are consistent homogeneity
long the length and stability at high temperatures and
nzymatic conditions [11]. Recent report suggests that
hese  peptide nanostructures have potential applications
n  the design of optical wave-guiding [12] and drug delivery
aterials [13]. In medical science, peptide NTs have poten-
ial  application in diagnostic as well as in therapeutic ﬁelds
14].  Hence separation and imaging the self-assembled
tructures of dipeptides are important. There are reports
or  microscopic imaging and separation of nanomaterials
sing column chromatography [15–17]. However, decon-
olution microscopic imaging of NTs is not known. Herein,
e  report the simple separation of Phe–Phe dipeptide
anostructures based on their sizes followed by their imag-
ng  through the confocal and the deconvolution along with
he  conventional TEM studies. Penetration of peptide NTs
nto  the CHO cells was studied by TEM.
. Experimental design
.1.  Materials
Fmoc-Phe-OH and 2-chlorotrityl chloride resin (load-
ng:  1.02 mmol/g) were bought from AAPPTEC, USA.
luorescein isothiocyanate (FITC) was bought from
igma–Aldrich, USA. HPLC grade acetonitrile, other
eagents and solvents were supplied by VWR, USA and
ere  used without further puriﬁcation.
.2. Instrumentation
.2.1. TEM
TEM  measurements were performed with FEI Tecnai
pirit Transmission (80–120 keV) with side-mounted AMT
Mpix  digital camera. Uranyl acetate (2% in water) was
sed  for the negative staining..2.2.  Confocal measurements
Confocal  measurements were carried out with Zeiss
10 Meta confocal microscope Upright spectral confocal
icroscope with Ar (454/477/488/514 nm)  and two HeNend Ultrastructure 2 (2014) 224–229 225
(543  nm,  633 nm)  lasers. Deconvolution images were taken
in  a DeltaVision RT Deconvolution Microscope.
2.3. Methods
2.3.1. Preparation of diphenyl peptide
The diphenyl peptide was synthesized following
Fmoc/tBu solid phase peptide synthesis using 2-chlorotrityl
chloride resin (100 mg,  loading: 1.02 mmol/g) as solid sup-
port.  Crude product (44 mg)  was obtained in quantitative
yield. Washing the crude product with 1:1 solution of ether
and  hexane (3× 7 mL)  provided our ﬁnal product in 80%
yield  with >95% purity (measured by RP-HPLC). Synthesis of
the  Phe–Phe dipeptide was conﬁrmed by mass spectrom-
etry.
2.3.2. Preparation of Phe–Phe nanotubes
The literature method was  adopted for the synthesis of
Phe–Phe  NTs [16]. Calculated amounts of Phe–Phe dipep-
tide  was added to the pre-heated water (double distilled)
and  maintained at 65 ◦C for 30 min  in silicone oil bath and
it  was then cooled to room temperature gradually.
2.3.3. Fluorescence tagging
After aging for two weeks, the NTs were tagged with
ﬂuorescein isothiocyanate (FITC) by adding the dye solu-
tion  in a 1:10 molar ratio and then allowed to keep for
overnight.
2.3.4.  Separation and absorbance measurements
For size exclusion column chromatography, commer-
cially available PD-10 column with Sephadex G-10 material
was  used. Water was used as the eluent. 400 l of the frac-
tions  were collected and analyzed in a 96 well plate by the
universal microplate absorbance spectrometer. The frac-
tions  with similar optical density (OD) were mixed together
and  named as Group A, Group B and Group C, and used for
further  study.
2.4.  Cell studies
Chinese hamster ovary cells (CHO-K1) from ATCC,
seeded in F12K medium (from ATCC) in the presence of
10%  fetal bovine serum and penicillin–streptomycin solu-
tion  (Life Techn.) were incubated at 37 ◦C under 5% CO2. The
conﬂuence was about 90%. For Phe–Phe NTs internalization
study different concentrations of Phe–Phe dipeptides were
added  with the 6 well plate containing 5 × 103 cells/well
and incubated for 1 h.
2.5. Images
Carbon-coated 300 mesh grids were ﬂoated carbon side
down  on droplets of nanotube suspensions on paraﬁlm
for  2 min. Excess suspension was  removed by touching
the edge of grids with ashless Whatman ﬁlter paper and
placed  on droplets of aqueous 2% uranyl acetate for 1 min.
Excess  of sample was  removed and dried under an infrared
heat  lamp. Grids were viewed at 100 kV. Cells were ﬁxed
in  situ with 2.5% glutaraldehyde in 0.1 M PIPES (pH 7.4)
buffer  for 30 min, washed in twice with changes of PIPES
buffer for 5 min  and post-ﬁxed in 2% osmium tetroxide
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rom 1 mFig. 1. (a) NTs and nanovesicles (inside the dashed circles) formed f
for 25 min. Fixed cultures were washed in deionized water
(DIW)  for 5 min  and scraped of the bottom of the dish and
pelleted. Pellets were re-suspended in DIW for 5 min  and
re-pelleted. Pellets were stained with 2% aqueous uranyl
acetate, washed with DIW and dehydrated through an
ethanol  series (50%, 70%, 90%, and 100% for 5 min  each and
a  further 20 min  and 5 min  in 100%). Dehydrated cells were
soaked  thrice in acetonitrile (5 min  each) and inﬁltrated in
1:1  embed 812 resin/ac70 nm sections off blocks of embed-
ded  cells were cut on a Leica Ultracut UCT ultramicrotome
onto uncoated 150 mesh copper grids and stained with 2%
lead  citrate for 2 min. Sections were viewed by TEM and
TIFF  images were collected via a side-mount AMT  8Mpix
camera.
3.  Results and discussion
3.1.  UV–vis and transmission electron microscopic (TEM)
analysis
Phe–Phe NTs were prepared by the procedure reported
in the literature [18]. The monomer dipeptide concentra-
tion was ﬁxed at 1 mM.  The UV–vis spectra show only small
changes  between the monomer and the self-assembly. The
TEM  image showed the formation of small NTs and vesi-
cles  type of structures (Fig. 1). The average width of the
NTs  was observed to be 20 nm.  The obtained NTs were kept
for  two weeks to see any changes in sizes and shapes of
nanostructures. Aging caused slight increase in the length
of  the tubes [19]. Fluorescein isothiocyanate (FITC) dye was
added  to this NTs solution as 1:10 molar ratio and kept for
24  h for the tagging. The excess dye was removed by the
small  size exclusion chromatography (SEC). A small size-
exclusion column separates the larger molecular weight
molecules from the smaller ones [17]. Different fractions
were collected and analyzed by the absorbance from the
microplate reader. The fractions with similar OD were com-
bined  and given the names Group A, Group B and Group
C,  which were further taken for microscopic studies. TEMM of Phe–Phe monomer and (b) magniﬁed image of a Phe–Phe NT.
imaging  showed a long tube of several micron lengths with
a  diameter of 12 nm (Fig. 2(a and b)) in Group A. Along with
the  NTs and vesicles, the sheet and tube like structures in
the  micron size were observed (not shown). The forma-
tion  of the long NTs may  be due to the aging, dilution, and
the  interaction of dye FITC with the peptide NTs or a com-
bination of these factors. FITC is known to react with the
amino  group of the amino acids. The Group B showed only
a  small tube and hydrogel like structures were observed in
the  Group C. TEM (Fig. 3(a and b)) conﬁrms the effective
separation by small size exclusion chromatography.
3.2. Confocal and deconvolution microscopic analysis
Photo microscopic imaging is widely used to ﬁnd the
applications of peptide NTs but requires dye tagging of
the  NTs, which might affect the NT structures. Presence
of larger nanostructures in the Group A was  conﬁrmed
by confocal microscopic imaging. Micron sized NTs were
detected. Fluorescence emission from the periphery of the
NTs  suggests the preferential attachment of FITC to the
free  amine group (Fig. 4(a)). Deconvolution microscopy is
a  recently developed imaging technology, which can give
better  resolution. In our study, deconvolution images of
Group  A showed big nano-vesicles of sizes in the micron
scale (Fig. 4(b)).
3.3.  Nanotubes uptake in CHO cells
With the aim to detect the NTs uptake by the cells for
ﬁnding the potential of the Phe–Phe NTs in imaging as
well  as in drug delivery, CHO cells were incubated with
the  Phe–Phe NTs and the products were analyzed by the
TEM.  Though the ﬁnding of peptide NTs in a cell envi-
ronment is difﬁcult, it can be achieved by proper imaging
methods. Similar TEM studies have been reported recently
in  different contexts [4,20,21]. Even though the sample
preparation is laborious, it gives direct imaging of pep-
tide  NTs in cells. We  have seen that some of the peptide
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Fig. 2. (a) Long NTs and nanovesicles from Group A of the size exclusion chromatography and (b) magniﬁed image of a NTs and vesicles.
Fig. 3. Size exclusion column chromatography gave (a) small NTs in Group B and (b) hydrogel like structures in Group C.
Fig. 4. (a) Long NTs imaged through confocal, two  NTs of similar size to the TEM image are shown in the fraction; (b) image of a NTs and vesicles with the
deconvolution  microscope.
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. The NTFig. 5. (a) TEM picture of Phe–Phe NTs internalized in the single CHO cell
NTs.
NTs are located inside the cell (Fig. 5(a and b)) which
is promising for use of NTs in drug delivery as well as
in  imaging study. Moreover, dipeptides showed no cyto-
toxicity  toward HeLa and L929 cells, and were able to
encapsulate small drug molecules; further showed that
anticancerous drug mitoxantrone was more efﬁcient in
killing  HeLa and B6F10 cells when entrapped in nanotubes
as  compared to free mitoxantrone, biocompatible and pro-
teolytically stable drug delivery vehicles [4]. Many of the
functionalization techniques that have been reported for in
vivo  imaging in the literature [22] suffer from drawbacks
such as difﬁcult synthesis steps, poor biocompatibility
and low stability. After conjugation with the appropri-
ate targeting ligands, antibodies, or proteins, the NTs may
exhibit  highly selective binding, making them useful for
ﬂuorescence imaging, magnetic resonance imaging (MRI),
positron  emission tomography (PET) imaging, and multi-
modal  imaging.
4.  Conclusion
Phe–Phe NTs are prepared and analyzed through
different microscopic methods. For the ﬁrst time the
deconvolution technique has been used to analyze the
nanostructures. A simple size exclusion procedure is used
for  the size-selective separation after FITC dye tagging
of  Phe–Phe NTs. Universal microplate-based absorbance
measurements are useful to analyze and group the frac-
tions.  TEM study is found to be useful to identify the NTs
inside  the CHO cell. The results will be useful in the design
of  peptide NT based drug delivery research.
5. Recommendation
Many of the functionalization techniques that have
been reported for in vivo imaging in the literature suf-
fer  from drawbacks such as difﬁcult synthesis steps, poor
biocompatibility and low stability. It is recommended that
identifying  Phe–Phe NTs inside the CHO cell is quicker ands inside the cell are shown by arrow; (b) magniﬁed image of internalized
easy  with the reported method. Authors recommend the
scientiﬁc  community to utilize highly efﬁcient SEC method
for  separating peptide NTs having different sizes. Different
fractions by SEC can be analyzed by microplate reader. The
authors  further recommend the readers that this investiga-
tion  may  be useful to explore the potential of Phe–Phe NTs
in  targeted drug delivery by utilizing the new techniques
like deconvolution ﬂuorescence microscopy along with the
SEM  and TEM measurements. After conjugation with the
appropriate targeting ligands, antibodies, or proteins, the
NTs  may  be useful for ﬂuorescence imaging, magnetic reso-
nance  imaging (MRI), positron emission tomography (PET)
imaging,  and multimodal imaging.
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